Low-frequency longshore current fluctuations on the continental shelf off Georgia and their relationships with local atmospheric forcing and Gulf Stream displacement were examined for a 3-month period from January to April 1978. (Acoustic travel time and bottom pressure measurements at a station on the continental slope were used to determine the depth of the main thermocline, as an indicator of Gulf Stream displacement.) On the middle shelf, current variability was dominated by local wind forcing at periods longer than 2 days, with very little Gulf Stream influence. Longshore wind stress was the main driving force at periods longer than 4 days, while cross-shore wind contributed at shorter periods. In contrast, on the outer shelf, current fluctuations in the upper layer were highly coherent with Gulf Stream displacement at a 12-day period, and marginally coherent with longshore wind at a 6-day period. Linear regression analysis showed that Gulf Stream and local wind forcing accounted for most of the fluctuations in the upper layer over the shelf break for time scales greater than 5 days and at around 2 days. A low multiple coherence window at 2.8-5 days was probably due to Gulf Stream frontal eddies. In the lower layer over the shelf break the current fluctuations had a character intermediate between the upper layer currents (Gulf Stream dominated) and mid-shelf currents (wind dominated).
and hence infer Gulf Stream lateral displacement. This paper presents the results from the IES's and discusses the lowfrequency current variability of the middle and outer continental shelf off Savannah, Georgia, during winter 1978, in relation to the wind and Gulf Stream forcing.
OBSERVATION METHODS

Data
Aanderaa current meters, pressure temperature recorders [Wimbush, 1977] , and IES's [Bitterman and Watts, 1979] The current data were 3-hour low-pass filtered and subsampled as hourly time series. The wind data were linearly interpolated to a one hour interval. Current and wind components were converted to a local "topographic" coordinate system, Table 2 . There could be a seasonal effect on these coefficients, but in subdividing the data by season we could not discern a significant variation.
The reference level of the thermocline (•0) for station H was computed from (2) using an expendable bathythermograph (XBT) profile taken during the mooring period at site H. Unfortunately, the corresponding XBT taken at site I was lost, so adjacent XBT stations were used with corrections for their geographical positions.
For simplicity of interpretation, • was taken to be proportional to Gulf Stream lateral displacement. The slope of the thermocline was omitted since its value is uncertain and the principal quantities to be calculated (coherences and correlations) are unaffected by its value. We will refer to • as "Gulf Stream displacement."
RESULTS
The resulting records of acoustic travel time, bottom pressure, computed main thermocline elevation, and subsurface pressure (Ps--Pa + P0gr/) are shown in Figures 2 and 3 for sites H and I, respectively. Also shown in Figure 2 is the atmosphere pressure at Savannah. Records of coastal wind speed and currents are presented in Figure 4 . Only three current records are shown, since the upper current meter at mooring F failed to measure the current direction correctly. The first-order statistics of hourly time series are given in Table 3 . From Figure 4 and Table 3 it is clear that the longshore current is the more energetic component at all three current meters. In this study we focus our attention on this longshore component.
For the middle shelf mooring, F, current is visibly correlated with wind in the longshore direction. Similarly, visual correlation exists between records from the two lower current meters, FBOT and EBOT. However, the relation between upper and lower current meter records from the outer shelf mooring, E, is not obvious.
The interrelationships of these various hourly time series were investigated though spectral analysis using the method of faded overlapping segments described by Groves and Hannan [1968] . A 300-point triangular window was used with "degree of overlap" a = 2/3, i.e., the displacement of two adjacent segments is 100 data points. The resulting frequency interval of the analysis is 0.08 cpd: for example, the 12.5-day band refers to a band from 8.3 to 25 days. Significant features of the spectra at frequencies lower than 1 cpd are discussed below. Longshore current spectra for all three locations (ETOP, EBOT, and FBOT) show that the largest fluctuations occurred at periods longer than 5 days. The FBOT and EBOT spectra all show a most energetic peak in the 12.5-day band, while the ETOP spectrum shows a broader peak at 5-25 days (Figure 5a ). The longshore current spectrum at ETOP is more energetic than at FBOT and EBOT, and this suggests a strong Gulf Stream effect in the upper layer at the shelf break, related to fluctuations in the Gulf Stream frontal structure. Coherences and phases between longshore currents from ETOP and EBOT, FBOT and EBOT are shown in Figure 5 . Current at ETOP is coherent with that at EBOT for periods longer than 3.6 days, with the highest peak at 6.3 days. Another coherence peak appears at around 2.5 days. The relative phases are almost indistinguishable from zero at periods longer than 3 days. Currents at the two bottom locations (EBOT, FBOT) are coherent with one another through almost the entire subtidal band, and the coherence is higher throughout this band than the vertical coherence at site E. For periods longer than 2 days, FBOT leads EBOT by about 20 ø in phase. Thus the current at EBOT appears to be more strongly related to current at the middle shelf than to current at ETOP, suggesting different driving dynamics for the upper and lower layers at the shelf break.
Autospectra, coherence-squared, and relative phase of the wind stress components are presented in Figure 6 . Longshore wind shows a well-defined energy peak at 12.5 days, and a less significant peak at 2 days' period. The cross-shore wind shows a similar peak at 12.5 days and has another significant peak at 2.5 days. The low-frequency energy of the U component is greater than that of the V component. The two wind stress components are significantly coherent at periods longer than 1 week and at 2-3 days, with V leading U by 7 hours.
As shown in Table 1 Results of the three-input linear regression analysis are given in Figure 10 . At low frequencies, note that the direct coherence between longshore current and cross-shore wind is moderately high, but the partial coherence is low. This indicates that low frequency longshore current was dominated by longshore wind rather than cross-shore wind. The apparent The contribution from cross-shore wind has been noted by Lee and Brooks [1979] . They found that when wind stress was primarily longshore, most of the observed longshore flow was in geostrophic balance, but when wind stress was not longshore, geostrophic balance only accounted for 25%-50% of the flow. Partial coherence analysis of our data indicates that the cross-shore wind effect is generally stronger than that of longshore wind in a higher frequency band (1.3-4 days' period). This band coincides with an energetic peak in the cross-shore wind spectrum centered at 2 days. Since mean and standard deviation of cross-shore wind are somewhat larger than those of longshore wind in this area during the period of observation (Table 3) , it may be that the cross-shore wind effect is more pronounced on the Georgia shelf than in other areas along the SAB. The dynamics of the cross-shore wind contribution is not clear. Spectral analysis shows that crossshore wind and measured cross-shore currents are 180 ø out of phase (not shown). Certain strong offshore wind events are apparently associated with strong onshore flow (e.g., February 21 in Figure 4 ). Since the current meters in this experiment are believed to be located below the surface Ekman layer [Lee and Brooks, 1979] , it is likely that the surface water is driven seawards by the offshore wind impulse, and, because of the coastal constraint, creates an onshore pressure gradient. This pressure gradient then drives a deeper return flow which is recorded by the current meters. Calculation indicates that the observed offshore wind stress during these events is strong enough to drive a surface Ekman transport which is balanced by the observed return flow. When offshore wind reaches its maximum, longshore current begins to increase, as a geostrophic response to the cross-shore pressure gradient. Figure  6 shows a strong 2.5-day energy peak in the cross-shore wind stress, 5 times as strong as the long-shore stress at this period. than the longshore scale, it may be that the current responds preferentially to cross-shore wind at higher frequencies.
Multiple coherence (Figure 11a ) of mid-shelf longshore current with wind stress components and Gulf Stream displacement is high at periods longer than 8 days and significant at periods of 1.3-8 days, but almost none of this multiple coherence derives from the Gulf Stream input.
Longshore Current Variability at the Shelf Break
In this section we discuss the longshore current variability at the shelf break (site E, 75-m isobath). Since the coherence between currents measured at ETOP and EBOT is not high (Figure 5b According to these previous observations, on the outer shelf of the southeast United States, in the energetic band of meteorological fluctuations from several days to 2 weeks, coherence of current with local wind is occasionally observed but is never strong. The coherence is generally lower than the 95% significance level in the upper layer but is higher in the lower layer. Although Gulf Stream position has not been continuously monitored by previous investigators, it would appear that as the continental slope is approached, the Gulf Stream influence tends to mask the wind effect causing the lack of low-frequency wind-current coherence on the outer continental shelf and upper slope. This account is supported by our observations at the outer shelf mooring E. Coherence between longshore wind stress and longshore current shows peaks at 6.3 and •2 days. It is noteworthy that a mean longshore current of 24.6 cm/s was observed at ETOP for a 40-day period from November 10 to The effect of Gulf Stream cyclonic frontal eddies has been investigated by Lee et al. [1981] and Lee and Atkinson [1983] in detail. They suggest that northward propagating frontal eddies account for a significant part of the low-frequency variability on the outer shelf and find that the onset of each disturbance is followed by decreasing northward current speed and temperature. Some studies, however, suggest anticyclonic current rotations inside warm filaments [Pietrafesa and danowitz, 1980; Pietrafesa, 1983; Chew, 1981 ] that would change the picture of frontal eddies.
Coherence analysis of our data reveals that upper water column current fluctuations at the shelf break are directly related to the Gulf Stream displacement, measured at the 265-m isobath, for periods longer than 8 days, with a peak at 12.5 days (Figure 13 ). The high coherence in the 12.5-day band and the simple phase relationship strongly suggest that the wavelike lateral "bulk" meandering of the Gulf Stream is the primary source of observed Gulf Stream forcing. This is confirmed by the 12.5-day coherence peak for Gulf Stream displacement measured at stations H and I. It is obvious, however, that frontal eddies, especially filaments on the eddies' inshore edges have an important influence on the currents over the outer shelf. When an eddy passes by, the southward flowing filament decreases the longshore current, v. As observed by Lee et al. [-1981 ], some frontal eddies extend to several hundred meters depth all along the slope. In our observations a strong current reversal occurred from March 15 to 21 (Figure 4) . During the same interval the thermocline at both sites H and I rose more than 100 m and then dropped back to the normal level (Figures 2 and 3) . Most current reversals, however, are not associated with significant elevations in the thermocline time series; the strong current reversals of February 28 and March 6 have no corresponding indications in the IES records. This implies that the upwelled cold water in the core is from the upper 250 m. In certain cases, however, the disturbance can extend to a depth of nearly 600 m. Such a deep disturbance occurs in conjunction with a large-scale meander, and features a well-developed eddy with a strong upwelled cold core.
The cause of the low multiple-coherence window at 2.8-5 days is uncertain, but we think it is probably the weaker frontal eddies and their associated filaments.
As discussed above, the weaker frontal eddies can directly influence outer shelf currents without significantly disturbing the thermocline over the slope. Furthermore, when eddies pass a mooring they tend to induce high-frequency (frequencies higher than the basic frequency) fluctuations in the Eulerian current measurement [Freeland et al., 1975] . Indeed, the observed lowfrequency spectral peak in current at ETOP extends to shorter periods than the corresponding peak in Gulf Stream displacement: from the 12.5-day band to the 4-day band the Gulf Stream meander energy drops about 10 dbar, while the current energy drops only 5 dbar (Figures 7 and 5a) . and these in turn are computed from the various cross spectra [see Bendat and Piersol, 1971 ]. In our coherence analyses (Figures 9-14 Table 4 gives the values of r, r 2, the lags, and the coefficients at the multiple-correlation maximum for each of the v' records (ETOP, EBOT, FBOT). Since r 2 = 0.55 in each
case, it appears that 55% of the variance in v (at periods from 3 days to 3 months) can be predicted from a simple model of the form (3) with only two input parameters in each case. Using the lags and coefficients in Table 4 "predictions" can be formed for v' at each of the three locations, using (4). Figure 16 compares such a prediction for ETOP with the prewhitened and low-pass filtered version of this record on which the prediction was based. Except for a 2-week period beginning February 25, the larger fluctuations appear well predicted in phase and somewhat less well predicted in amplitude.
SUMMARY
We have investigated the relationship of variation in longshore currents at the middle and outer shelf off Savannah, nates. In the upper layer, Gulf Stream wavelike meanders at 12-day period and associated frontal eddies appear to be the primary forcing from the Gulf Stream. Secondary coherence peaks occur at 2.5 and 1.4 days. Longshore wind influence is significant at the 6.3-and 2-day periods of its energetic spectral peaks. Cross-shore wind also has some effect at very low frequencies. Longshore current can be well predicted from wind and Gulf Stream at periods longer than 5 days and at around 2 days. In the 2.8-to 5-day band the prediction is poor, due probably to frontal eddies.
These results confirm the expectations expressed in previous studies [e.g., Lee and Brooks, 1979; Lee et al., 1981; Lee and Atkinson, 1983 ] with regard to the relative influences of Gulf Stream and wind on mid-and outer-shelf currents off Georgia.
